Multiplexed tandem PCR (MT-PCR) is a process for highly multiplexed gene expression profiling. In the first step, multiple primer pairs are added to the RNA to be analysed together with reverse transcriptase and Taq DNA polymerase. Following reverse transcription, the multiplexed amplicons are simultaneously amplified for a small number of cycles so as to avoid competition between amplicons. The reaction product is then diluted and analysed in multiple individual PCRs using primers nested inside the primers used for the multiplexed amplification. As the second PCR uses a template enriched in the amplicons of interest, the conditions can be optimized to significantly reduce 'primer dimer' formation allowing SYBR Green chemistry to be used for quantification. MT-PCR can be configured for as little as 10 pg RNA (equivalent to a single mammalian cell) and works well with RNA extracted from archival formalinfixed paraffin-embedded sections. We illustrate MT-PCR with gene expression profiles of breast cancer cell lines.
INTRODUCTION
Polymerase chain reaction is a key technique in molecular biology, enabling the amplification of specific DNA sequences from complex mixtures of genomic DNA or RNA (1) . With the commercial introduction of heat-stable polymerases (2) , PCR became an accessible technique for cloning, sequencing and generation of mutants. Real-time PCR, in which the progress of reaction can be followed cycle by cycle (3), allows quantification of DNA to be performed using the cycle number at which the exponential DNA accumulation crosses a threshold value to calculate the original concentration of that target DNA in the test sample.
Up until now PCR has been limited to quantification of up to $4 genes in a single tube using different fluorescent probes for each PCR so that they can be independently monitored. The number of genes that can be multiplexed in this way is limited by the availability of fluorescent channels on thermal cyclers and the competition that occurs between different PCRs occurring in the same tube. This necessitates that each multiplexed PCR has to be individually optimized (4) . One way to quantify more genes by PCR has been to miniaturize the reaction format so that multiple individual reactions can be set up in parallel. We have explored an alternative, twostep approach in which multiplexed amplicons of interest are first enriched by a limited PCR. In the second step, the product from the multiplexed amplification is used as a template for a large number of single-gene PCRs, corresponding to the genes added in the multiplexed amplification step. By diluting the multiplexed amplification product about 100-fold into the quantification PCR, there is negligible influence of the primers from the first step on the quantification PCR. Furthermore, by enriching the target amplicons in the multiplexed amplification and using limiting amounts of primers and Taq polymerase in the second, the formation of primer dimer is greatly reduced. This enables SYBR Green detection to be used. The technique is related to nested PCR in as much as the primers for the second PCR are nested inside the primers used for the first PCR. However, it differs in that multiple primer pairs are used in the first reaction and this reaction is only carried out for a limited number of cycles, thus minimizing competition between individual PCRs and retaining the quantitative nature of DNA concentration measurement.
The resultant assay, which we call 'multiplexed tandem PCR' (MT-PCR), can be configured to profile the gene expression of 72 or more genes from samples as small as 10 pg of RNA in <90 min. Linear amplification of the RNA and individual optimization of the multiplexed reactions are not necessary.
METHODS

Primer design
All primers were designed using Primer 3 software, restricting the size of the 'inner' amplicon to 70-90 bp and the size of the The online version of this article has been published under an open access model. Users are entitled to use, reproduce, disseminate, or display the open access version of this article for non-commercial purposes provided that: the original authorship is properly and fully attributed; the Journal and Oxford University Press are attributed as the original place of publication with the correct citation details given; if an article is subsequently reproduced or disseminated not in its entirety but only in part or as a derivative work this must be clearly indicated. For commercial re-use, please contact journals.permissions@oxfordjournals.org 'outer' amplicon to <150 bp. All primer pairs spanned an intron-exon boundary and were rejected if they did not give predominantly the correct size product on a Bioanalyser DNA separation chip (Agilent).
Preparation of 'gene disks' with lyophilized primers
Gene-specific primer mixes, each containing a pair of inner primers, were prepared containing 5 ml of forward primer stock solution at 100 mM, 5 ml of corresponding reverse primer stock solution at 100 mM and 615 ml of water in a 0.2 ml tube. The CAS1200 Robot (Corbett Research) was then used to aliquot 5 ml of each primer mixture in triplicate into a Corbett Research 72 well 'gene disk' (a 96 well plate for other thermal cyclers could equally well be used). These aliquots were then lyophilized in the gene disk for 15 min with heating using a SpeedVac lyophilizer (Savant) followed by temporary sealing of the disk at 160 C using the gene disk heat sealer (Corbett Research). Each disk was then stored at 4 C before use.
10· RT buffer (10 ml)
A total of 500 mM Tris-HCl (pH 8.5) containing 30 mM MgCl 2 , 300 mM KCl, 1 mM DTT and 0.1 mg/ml gelatin. This was stored at À20 C in 0.5 ml aliquots before use.
10· PCR buffer (10 ml)
A total of 200 mM Tris-HCl (pH 8.5) containing 500 mM KCl, 30 mM MgSO 4 and 10 mg/ml gelatin. This was stored at À20 C in 0.5 ml aliquots before use.
RNA extraction
RNA was extracted from cell lines using the RNeasy method (Qiagen) or from formalin-fixed paraffin-embedded (FFPE) sections using the method of Ambion as modified by C. This completed the multiplex PCR step and the product was diluted 1:25 in water.
Second round quantification amplification
An aliquot of 500 ml of the multiplex amplification products was added to 1.5 ml of PCR mixture to give a final concentration of 0.2 mM dNTPs, 2% DMSO (Sigma), 25 U/ml Taq, PCR buffer and SYBR Green I dye (Invitrogen) 1:25 000 dilution. An aliquot of 20 ml of PCR mixture was then added to each position within the gene disk containing the lyophilized inner primers and PCR was performed for 35 cycles of 1s at 95 C, 10 s at 60 C and 10 s at 72 C. Fluorescence was measured at the end of each 72 C extension step.
RT-qPCR
For comparison of quantification between MT-PCR and qPCR, reverse transcription of 0.5 mg total RNA was carried out using 100 ng of random hexamer primers in 20 ml followed by qPCR under conditions the same as those used for second round quantification amplification above. cDNA from 12.5 ng was used in each measurement.
RESULTS
In MT-PCR, a large number of primer pairs (as many as 72) are added to a test RNA in a combined reverse transcription and PCR amplification step. The reverse primer of each outer primer pair is used to prime the synthesis of cDNA. Thermal cycling for a limited number of cycles is then used to enrich the template in target sequences corresponding to the genes selected. It is convenient, but not essential, to use one of the inner primers in common between both the first round multiplexed amplification reaction and the second round quantification PCR for each gene. This enables smaller targets to be used, making the assay more resistant to the effects of RNA modification and degradation as occurs in RNA extracted from FFPE tissues. The product from the multiplexed amplification is diluted 100-fold into individual inner PCRs. We found that dilutions above 40-fold resulted in undetectable alternative product formation as measured on a Bioanalyser (data not shown).
An example of MT-PCR is shown in Figure 1 , where 72 pairs of oligonucleotide primers (including the outer primers of Table 1 ) were added to 50 ng of RNA in the multiplex amplification step of MT-PCR. From the product of this reaction, 24 genes were measured in triplicate on a Corbett Research RG3000 using the primers shown in Table 2 . The resultant cycling curves show that each gene expression product was amplified in a reproducible manner, as each set of three cycling curves (with the same colour in Figure 1A ), corresponding to an individual gene measurement in triplicate, have almost identical shapes. Importantly, these products were also amplified with high specificity, as secondary amplification products with melt peaks below 80 C were not detectable in these reactions ( Figure 1B ). This was confirmed by running a sample of the PCR product on a Bioanalyser, which shows that in each case a single product of the predicted size was formed ( Figure 1C) . Even in the case of one gene that is expressed at very low levels, no alternative products were formed.
The reproducibility of MT-PCR was determined by performing 10 separate MT-PCRs on 4 different days from 50 ng of the same batch of RNA isolated from MCF7 cells using 10 cycles of multiplex PCR in the first round. The coefficient of variation in the measurement of the C t for individual genes ranged from 0.01 to 0.05 with a mean value of 0.03 for all the genes (data not shown). This demonstrates a high level of reproducibility between MT-PCR experiments.
It is also important to demonstrate that MT-PCR responds in a linear way to changes in input gene concentrations for all genes. Because changes in the recovery of RNA from a tissue could influence the absolute level of fluorescence and C t value of a gene, we always compare the C t values of test genes to a comparator gene, or genes, located on the same gene disk. These relative concentrations should remain constant for every gene when different amounts of the same RNA are applied to the assay. We have compared the expression of 24 genes in triplicate relative to BTF3 as a comparator gene at input RNA levels of 0.5, 5 and 50 ng using MT-PCR employing 15 cycles of multiplex amplification (Figure 2A ). It can be seen that the correlation between relative gene expression measured at 5 and 50 ng input was excellent (r ¼ 0.999 in Figure 2A ), indicating that all 23 genes compared with BTF3 behave in a similar way. Similarly, the correlation between data at 0.5 and 5 ng was 0.997 and that between 0.05 and 50 ng was 0.994. Thus, even over two logs of input variation there is no evidence for individual gene differences. The slope of each correlation line was 0.8-0.9 when comparing over a 10-fold difference of input RNA, indicating that measurements of relative gene expression levels by MT-PCR are not significantly affected by the input level of RNA. The small deviation from linearity is due to the most highly expressed genes included in the gene set. In Figure 2B , it can be seen that the non-linearity increases with the expression level of the gene. If the three most abundant genes are not included in the correlation graph, the slope is close to 1.0 (data not shown).
The quantification of gene expression from archival FFPE samples is highly desirable, but limited by the low recovery of RNA from these specimens (<10 ng per 10 mm section of a needle biopsy) and by the highly fragmented nature of the recovered molecules. It is not possible to perform linear RNA amplification or reverse transcription using oligo(dT) primer as it is unlikely that any RNA fragment will contain both the 3 0 end of the RNA and the amplicon that is going to be measured. However, using gene-specific priming in MT-PCR and the short target sequences, excellent results are obtainable. For samples of total RNA containing 0.5-50 ng we find that 15 cycles of multiplex preamplification are suitable. A typical result using MT-PCR to measure 24 genes in triplicate from a single slice of a FFPE xenograft specimen that had been stored for 10 years prior to RNA extraction is shown in Figure 3 .
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ERBB2 was upregulated in two of the cell lines ( Figure 5C ). Both of these cell lines also show elevated levels of expression of the adjacent gene, GRB7 ( Figure 5D ). This confirms the result with ERBB2 and shows that in this case the changes in expression most likely relate to the amplification of a segment of chromosome 17, not just to changes in the activity of the ERBB2 gene itself. Thus, MT-PCR is capable of gene expression profiling of genes relating to gene diagnosis of cancer patients. Although tissue biopsies would contain both cancer and non-cancer cells, decreasing the signal-to-noise ratio observed for critical genes, the high sensitivity of MT-PCR should enable it to be used with laser dissection microscopy to determine gene expression profiles of small clusters of cells in a biopsy section.
DISCUSSION
The multiplexed amplification and measurement of multiple gene expression products using a generic reporter such as SYBR Green has been made possible using a tandem PCR process in which the first step is highly multiplexed, but only continued for a small number of cycles so that competition between primers is not significant, and a second round of PCRs in which each individual gene is quantified. The method circumvents the need for the lengthy process of RNA amplification and will work on highly fragmented RNA as the reverse transcription reaction is primed by the same antisense oligonucleotides that are used as 3 0 PCR primers in the first round of multiplexed amplification. Furthermore, only a very short reverse transcription reaction is necessary, allowing less enzymes to be used, which in turn improves the specificity of the reaction. A second improvement to specificity arises out of the nested nature of the first and second stage primers. Thus, three reactions (reverse transcription, first and second stage PCR) use gene-specific primers. Unlike multiplexed probe assays, no optimization of the individual PCRs is required; all PCRs which produce a single product when run on their own have functioned in MT-PCR in our hands. Indeed, the nested nature of the primers in the two-stage process usually makes the MT-PCR product cleaner than the product obtained when outer or inner primer pairs are evaluated in a normal PCR. If desired, labelled probe assays can be used in the quantification PCR, but are not essential for specificity in most cases.
Currently, the simultaneous analysis of multiple genes is only possible using array hybridization methods, or using miniaturized PCR assays. Neither of these techniques will work satisfactorily on RNA samples from a single FFPE section or a single cell. The most popular method of RNA amplification is by conversion into double stranded cDNA using an oligo(dT) primer that contains a T4 promoter sequence and then linear amplification using T4 RNA polymerase. This process takes at least 2 days to complete and is unsuitable when the target sequences of downstream assays are a significant distance away from the 3 0 end of the mRNA. This is especially true for fragmented RNA isolated from FFPE sections. In this case, random priming of reverse transcriptase can be performed, but the RNA is not amplified, and larger amounts are therefore required for analysis. A major advantage of MT-PCR is that the whole process takes only 60-90 min without any need for prior amplification of RNA. Furthermore, MT-PCR utilizes gene-specific priming of reverse transcription at the site of the target amplicon making it tolerant of highly degraded RNA and well suited to analysis of RNA extracted from paraffin embedded specimens.
Separating the PCR into two stages has additional advantages. Longer annealing times can be used in the multiplexed amplification step to allow rare mRNA molecules time to hybridize with their primers. In the second stage, short cycle times add selectivity for products amplified in the first stage. The enriched template for the quantification PCR also allows reduced primer and Taq concentration to be used, resulting in unfavourable conditions for primer dimer formation. It should be noted that the amount of reverse transcriptase used in the multiplexed amplification is one-tenth that recommended by the manufacturer and the concentration of Taq used in the quantification PCR is half that recommended. Using higher levels of these enzymes promotes the formation of non-specific products (data not shown). The overall effect of the nested primers, three gene-specific reactions and optimized PCR conditions is that primer dimer is essentially absent from the reaction product, allowing quantification to proceed from the fluorescence of intercalating DNA dyes, such as SYBR Green. When no template is added to an MT-PCR, we normally observe about half of the genes give no cycling curves and thus a zero measurement of concentration. In the remaining cases some primer dimer is formed, but this has a different melt from the expected amplicon and is also easily designated as absent. By the time that the RNA concentration has been increased into the recommended range for analysis, almost all genes that are present give good cycling and melt curves. A further improvement might be obtained by adding thermostable RecA protein to the multiplexed amplification reaction when assaying extremely low levels of RNA to prevent the formation of unwanted products (6) . Since an MT-PCR has a total of 45-55 cycles (depending on whether 10, 15 or 20 cycles of multiplexed amplification are used), it is unlikely that a gene that is present in the original RNA sample would give a null result.
Although it would be possible to calibrate MT-PCR with known standards in order to obtain absolute quantification data, the most straightforward treatment of results is to express the data as an expression relative to a comparator gene. For this purpose, we routinely use the Pol II subunit, BTF3, which is present is very similar amounts relative to total RNA in all cell lines and tissues that we have examined (7) . The abundance of BTF3 makes it easy to measure, but this is also a drawback, in as much as it is likely to suffer from competition effects. Comparison of the relative quantification data at three different RNA input concentrations spanning a 100-fold change demonstrated that the concentration relative to BTF3 for 20 of the genes did not change, indicating that BTF3 measurements could not have been significantly attenuated. The four most highly expressed genes did show a small fall off in measured concentration at the highest level of input RNA. This lead to a small fall off in the slope of the correlation data if all points are included. The genes used in our test set spanned a 10 000:1 range of concentration, making this a bigger effect on target abundance than the experimentally introduced input RNA level. Ideally, MT-PCR should be set up with groups of genes having a similar abundance and compared with a comparator gene, or a group of comparator genes, of similar concentration. Despite the non-ideal setup, MT-PCR of genes with a wide range of concentration did not show any competition effect, as evidenced by the excellent correlation of data points to a straight line.
MT-PCR is well suited to many research and diagnostic assays, especially where only small amounts of starting RNA are available. It may also be used for the analysis of DNA targets, especially when coupled with high resolution melt analysis to distinguish chromosomal mutations. Since MT-PCR can produce adequate results from a fraction of the RNA extracted from a single FFPE section, it would be possible to measure several hundred genes from a single sample if desired. In many cases, the diagnostic use of gene expression in cancer requires the use of <100 genes making MT-PCR a suitable vehicle for most diagnostic applications.
